Ceramides are bioactive sphingolipids, which are composed of sphingoid bases carrying acyl chains of various lengths. Ceramides are synthesized by a family of six ceramide synthases (CerS) in mammals, which produce ceramides with different N-linked acyl chains. Increased ceramide levels are known to contribute to the development of obesity and insulin resistance.
Ceramide synthases are sphingosine N-acyltransferases and represent an important metabolic hub in the ceramide synthesis pathway (Fig. 1A) . They acylate sphingoid bases with fatty acid acyl chains of different length and saturation ( Fig. 1B ) (1) (2) (3) (4) (5) (6) , thereby creating ceramides with diverse biological properties (7) (8) (9) . The ceramide synthase enzyme family contains six members (CerS1-6) 6 in mammals (1, 9, 10) . The individual enzymes differ in their substrate specificity and show different expression patterns ( Fig. 1A) (1, 11) . CerS1 is specifically expressed in muscle and neurons and has strong substrate specificity toward C 18:0 -CoA (1, 4, 11) , whereas CerS2 and CerS4 are broadly expressed with specificity toward very long chain C 20: 0 -26:0 CoAs and C 18:0 -C 22:0 CoAs, respectively (1, 11) . CerS3 is highly expressed in the epidermis and testis showing a substrate specificity for ultra-long chain CoAs (2, 10) . CerS6 is expressed in most tissues at low levels and shows substrate specificity toward long chain C 14:0 -16:0 -CoAs ( Fig. 1B) (1, 11, 12) . CerS5 expression has also been studied at the mRNA level and is expressed in most tissues at low levels (11) and has a specificity toward the long chain CoAs C 14:0 -18:0 (1) .
Most murine CerS family members have also been characterized using knock-out (KO) mouse models. CerS1-deficient mice show behavioral abnormalities and Purkinje cell loss (4, 13) , whereas CerS2 knock-out mice develop hepatocarcinomas and show myelination defects (3, 5, 14) . CerS3 KO mice are lethal shortly after birth due to skin barrier disruption (2) , and it was shown that CerS3 is also required for meiotic cytokinesis during spermatogenesis (15) . CerS4-deficient mice show agerelated hair loss (6) , due to altered stem cell maintenance (16) , and CerS6-deficient mice show behavioral abnormalities, including hind limb clasping (12) . The diverse phenotypes of CerS mice suggest that ceramides exhibit chain length-specific functions.
Sphingolipids have been suggested to be metabolites promoting obesity, insulin resistance, and inflammation (17) (18) (19) (20) (21) . Ceramides play a role in the development of lipid-induced insulin resistance. They have a negative impact on insulin-dependent AKT signaling via the ceramide-activated protein phosphatase PP2 and PRKCz, which inhibits plasma membrane recruitment of AKT (22) (23) (24) . However, the data on ceramidedependent inhibition of AKT are largely derived from cell culture studies where water-soluble synthetic C 2 -ceramide was added exogenously to the culture medium to examine the effects of ceramides. Data from in vivo studies involving the serine palmitoyltransferase inhibitor myriocin showed that de novo sphingolipid synthesis promotes insulin resistance in response to lard infusion and dexamethasone treatment in rats (19) . Similar effects were observed for the heterozygous loss of the dihydroceramide desaturase Degs1 in mice (19) . Myriocin treatment also reverses high fat diet-induced and genetically induced insulin resistance in mice (25) . In particular, CerS6derived C 16:0 -ceramide has recently been shown to have a negative impact on ␤-oxidation in the liver and brown adipose tissue thereby facilitating the development of obesity (18) . Obesity-induced insulin resistance is exacerbated by the negative effect of the pro-inflammatory cytokines TNF␣ and IL-1␤ on systemic insulin sensitivity (26, 27) , which originates from hypertrophic white adipose tissue (WAT) in a TLR4-dependent manner in the obese state (27) . TLR4 is a pattern recognition receptor of the innate immune system that can be activated by the saturated fatty acid palmitate, leading to an increased transcription of TNF␣ and IL6 (26) . De novo ceramide synthesis is up-regulated in dependence of TLR4 signaling and is functionally required to induce lipid-induced insulin resistance in myotubes but not TNF␣ release from macrophages (21) . Also, the NLRP3 inflammasome has been implicated to promote saturated fatty acid-induced IL-1␤ release from macrophages (27) . Addition of exogenous C 2 -ceramide to macrophages leads to an induction of IL-1␤ cleavage and release in an NLRP3 inflammasome-dependent manner (20) . Data are scarce, and it is unclear which ceramide synthases are responsible for mediating the deleterious effects of ceramides in vivo.
CerS5 has been identified as the major ceramide synthase in lung epithelial cells. It has been suggested that CerS5 regulates phosphatidylcholine synthesis, the major lipid class of surfactant lipids (28) . Extensive biochemical in vitro studies have further shown that CerS5 acts as a bona fide ceramide synthase (29) and that its homeodomain seems to be not essential for its enzymatic activity (30) . However, two positively charged amino acids upstream of the CerS5 TLC domain shortly after the homeodomain are required for the enzymatic activity of CerS5 (30) . The substrate specificity against C 16:0 -CoA is determined in a region of the TLC domain within 150 amino acids (31) . CerS5 dimerizes with CerS2 and enhances CerS2 activity (32) .
It has been shown to regulate postmitochondrial events during apoptosis in MCF-7 cells in response to UV radiation in cooperation with CerS6 (33) . CerS5 increases apoptosis in response to ionizing radiation in HeLa cells (34) . Both CerS5 and CerS6 are responsible for radiation-induced C 16:0 -ceramide production in mitochondrion-associated endoplasmic reticulum membranes eventually leading to mitochondrial ceramide accumulation (34) . Despite extensive biochemical characterization of CerS5 and experiments involving knockdown studies, an in vivo characterization of CerS5 is still lacking.
In this study, we present the generation of CerS5 KO mice. We characterized the consequences of CerS5 deficiency on lipid composition in tissues and analyzed the glycerophospholipid composition in the lung to address a potential role for CerS5 in glycerophospholipid homeostasis. We further studied the effect of CerS5 deficiency on the development of obesity and insulin resistance after a high fat diet challenge.
Experimental Procedures
Generation of CerS5 KO Mice-CerS5 KO mice were generated by replacement of the complete coding sequence with an NLS-lacZ gene and a frt-flanked neomycin resistance gene. A targeting vector containing homology arms flanking the coding sequence, a lacZ gene, and a frt neo cassette was created using the pDTA vector as plasmid backbone. The targeting vector was linearized using the unique NotI restriction site and electroporated into HM1 embryonic stem cells (35) . Stably integrated clones were selected by supplementation of the culture medium with G418. G418-resistant clones were separated and screened for correct homologous recombination of the targeting vector by PCR over the 3Ј homology arm. Homologous recombination of the targeting vector was further confirmed by Southern blotting and PCR strategies confirming correct integration. To generate chimeric mice, positive ES cell clones were injected to blastocysts. The resulting chimera were crossed with deleter-flp mice (36) to delete the neomycin resistance gene. Heterozygous CerS5 KO mice with successful deletion of the neomycin resistance cassette were backcrossed with C57BL/6JCrl mice for seven generations to perform obesity experiments and for four generations to analyze ceramide synthase activities and ceramide levels in lung tissue. Wild type (WT) control mice and KO mice were generated by breeding of heterozygous animals. Mice were genotyped using a PCR on genomic DNA obtained from tail biopsies to detect the presence or absence of the frt site in KO or WT mice using the following primer pair (forward, TTTCTAATTCAAGAGGTT-CTTGGACA; reverse, CACAAAACTAGCCAGCACACCA). Mice were kept in a specific pathogen-free environment under standard conditions with a 12-h 300-lux white light/12-h red light cycle at a temperature of 21 Ϯ 2°C with 55 Ϯ 15% relative humidity and were fed the standard diet LasVendi Rod16 ad libitum. For diet-induced obesity experiments male mice were separated and fed LasVendi Rod16 ad libitum until the age of 6 weeks. The diet was changed to Altromin C 1090-10 containing 10% of the energy from fat for 2 weeks, and the mice were split to the high and low fat diet groups and kept in individual cages. The high fat diet Altromin C 1090-60 containing 60% of the energy from fat was used. Mice were kept on the experimental diets until 24 weeks of age.
ELISA and Western Blotting-Leptin and insulin ELISAs (Millipore) were performed using the manufacturer's instructions. For Western blotting, tissue was harvested, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Tissues were lysed in RIPA buffer using a Precellys homogenizer. Proteins were separated by SDS-PAGE and blotted to PVDF membranes. Membranes were blocked with 5% milk powder in TBST and incubated with primary antibodies at 4°C overnight. After washing three times with TBST, secondary antibodies were incubated for 45 min, and after three further washes blots were developed. CerS5 antibodies were generated by immunization of sheep with purified GST-CerS5-CT (Q9D6K9-1), which had been expressed in Escherichia coli BL21 DE3 Gold and purified using glutathione beads. Antibodies were purified by affinity chromatography using a CerS5-CT column. For purification of CerS5 antibodies, the antiserum was diluted 1:10 with 10 mM Tris-HCl, pH 7.5, and applied to the CerS5-CT column. After incubation at 4°C, the column was washed twice with TBS ϩ 0.3% Tween and 500 mM NaCl and five times with TBS ϩ 500 mM NaCl. Antibodies were eluted with 0.1 M glycine, pH 2.7, and neutralized with Tris, pH 8.8. CerS5 antibodies were used at a dilution of 1:2,000 -1:5,000. Actin (Novus Biochemicals), tubulin (Sigma), and Gapdh (Millipore) antibodies were diluted 1:5,000, 1:200, and 1:1,000, respectively. pAKT Ser-473, pACC Ser-79, pAMPK␣ Thr-172, pAMPK␤ Ser-108, AKT, ACC, AMPK␣, AMPK␤ 1 and 2, and LC3A, antibodies were purchased from Cell Signaling and used as described in the data sheet.
Ceramide Synthase Assays-Tissues were lysed in 20 mM HEPES-KOH, pH 7.4, using a Precellys homogenizer. For the isolation of microsomes, homogenates were centrifuged at 1,000 ϫ g followed by a centrifugation at 100,000 ϫ g at 4°C. Crude extracts were only centrifuged at 1,000 ϫ g for 10 -gauge needle. Protein concentrations were measured using the Pierce BCA kit. Microsomes were incubated in 20 mM HEPES-KOH, pH 7.4, with 10 M alkyne-sphinganine complexed and 10 M fatty acid-free BSA and 50 M palmitoyl-CoA in a total volume of 100 l for 20 min at 37°C (37) . Lipids were extracted by addition of 500 l of chloroform/methanol (1:1, v/v) and 125 l of 1% acetic acid. The lower chloroform phase was extracted twice and evaporated under a stream of nitrogen. The extracted lipids were dissolved in 7 l of chloroform, and 30 l of click mix (10 l of 2 mg/ml 3-azido-7-hydroxycoumarin, 250 l of 10 mM Cu(I)TFB in acetonitrile, 850 l of ethanol) was added and incubated for 4.5 h at 43°C. Lipids were analyzed by TLC in chloroform/methanol/water (8:1:0.1, v/v/v). The NBD-ceramide synthase assays were carried out in crude extracts and performed as described previously (38) .
Real Time PCR-RNA was extracted using the Macherey & Nagel RNA II kit following the manufacturer's instructions. RNA from epididymal WAT (eWAT) was extracted using the Qiagen RNeasy lipid tissue mini kit following the manufacturer's instruction. cDNA was generated using the Qiagen QuantiTect reverse transcription kit. Real time PCR primer sequences are shown in Table 1 . Primers to assess lipid uptake were taken from Xia et al. (39) .
Lipid Extraction-Sphingolipids were extracted as described previously with some modifications (4, 40) . Sphingolipids from lung tissue were further purified by SPE extraction using Strata-1 silica columns (55 m, 70 Å, 100 mg; Phenomenex). Ceramides were eluted with acetone/isopropyl alcohol (1:1, v/v); sphingomyelin was eluted with methanol. Sphingolipids from adipose tissue were subjected to mass spectrometry without further purification on silica columns. Neutral lipids from liver and lung glycerophospholipids were extracted according to Bligh and Dyer (41) . Acylcarnitines were extracted from 20 l 
CGCAATTCTCCCTTGTATGTG ATCCCTCTTGAGCCTTTCGT of serum with 200 l of acetonitrile containing 0.5% formic acid and NSK-B (Cambridge Isotope Laboratories) stable isotopelabeled internal standard mix. Extracts were centrifuged and supernatants were evaporated under a stream of nitrogen. The evaporated extracts were resolved in 3 N HCl in butanol, incubated at 65°C for 15 min to form butyl esters. Extracts were dried again under a stream of nitrogen and resolved in mobile phase for analysis by mass spectrometry (42) . Thin Layer Chromatography-Lipid extracts from liver were normalized according to wet weight and spotted to Silica Gel 60 glass plates (Merck). The lipids were separated with n-hexane/ diethyl ether/glacial acetic acid (70:30:1, v/v/v). Plates were sprayed with 10% CuSO 4 in 8% phosphoric acid and incubated at 180°C to visualize the lipids.
Quadrupole Time-of-Flight Mass Spectrometry-Sphingolipids in lung tissue were quantified as described previously (4) . Sphingolipids in white adipose tissue were quantified by liquid chromatography coupled to mass spectrometry (LC-MS/MS) employing LC conditions as described previously by Markham and Jaworski (43) with some modifications. S1P in plasma was measured using LC conditions previously described by Haynes et al. (44) with some modifications. Acylcarnitine quantification was performed as described previously by An et al. (45) . Sphingolipids and acylcarnitines were measured using an Agilent 6530 Accurate-Mass Q-TOF LC/MS instrument with an Agilent Jet Stream electrospray ionization (ESI) source operated in positive ionization mode with instrumental settings as described, except the capillary voltage was set to 3,500 V (46) . Sphingomyelin, hexosylceramides, ceramide, and S1P were identified by characteristic fragments generated by collisioninduced dissociation (m/z 184.0739, sphingomyelin; m/z 264.2691, hexosylceramides, ceramides, and S1P) and quantified by comparison with internal standards: d18:1-12:0 sphingomyelin, d18:1-17:0 sphingomyelin, d18:1-12:0 hexosylceramide, d18:1-12:0 ceramide, and d17:1-P (Avanti Polar Lipids). Glycerophospholipids were quantified by direct infusion Q-TOF mass spectrometry using internal standards according to Welti et al. (47) and Gasulla et al. (48) .
Insulin Glucose Tolerance Tests-Glucose tolerance tests were performed in 7-h fasted mice. Two grams of glucose per kg of body weight was injected intraperitoneally into mice, and the serum glucose concentration was measured using a glucometer (Accu Chek Aviva, Roche Applied Science). Insulin tolerance tests were conducted on ad libitum fed mice. 0.5 units of human insulin (Insuman Infusat, Sanofi Aventis) per kg of body weight were injected, and the serum glucose concentration was determined.
Statistics-Data are typically presented as mean values. In each figure legend, the method to assess differences between genotypes and treatments is described. We applied the Student's t test or ANOVA in combination with Tukey post hoc tests to compare experimental groups. Data in Fig. 6 , C-F, were square root transformed to meet test assumptions. To analyze the growth curve, a mixed model with random slope and intercept to predict weight using genotype, diet, and age as fixed effects and the mouse identification as random effect was generated using the lme4 package (18) . Differences between groups were assessed using the multicomp package (17) . Data were analyzed and plotted using Excel and the R-Project. No specific randomization method was used to distribute mice or samples to treatment groups.
Results
Generation of CerS5 KO Mice-CerS5 KO mice were generated by targeting the complete coding sequence of CerS5 by homologous recombination ( Fig. 2A ). This strategy ensures that no truncated protein can be formed, which could potentially interfere with a putative dimerization of CerS5 with other ceramide synthases (32) . The rearrangement of the CerS5 gene locus after homologous recombination resulting in mice carrying the lacZneo allele and the subsequent deletion of the neomycin resistance cassette resulting in the lacZ allele were confirmed by Southern blotting (Fig. 2B ). We could not detect any CerS5 transcript in CerS5 KO mice by real time PCR (Fig. 2C ). There was no CerS5 protein expression detectable in CersS5 KO mouse embryonic fibroblasts using custom-made antibodies directed against the C terminus of CerS5 (Fig. 2D ). For further experiments, mice homozygous for the CerS5 lacZ allele were used and termed CerS5 KO mice.
Expression of CerS5-We determined the CerS5 expression pattern in various tissues at the protein level. CerS5 protein could be detected in all investigated tissues and is most abundantly expressed in testis, lung, and epididymal WAT (eWAT). We detected moderate expression levels in thymus and spleen and subcutaneous WAT, although we found only very low levels in liver, muscle, heart, and interscapular brown adipose tissue ( Fig. 3A) .
CerS5 KO Mice Cannot Maintain C 16:0 -Ceramide-based Sphingolipid Levels although Glycerophospholipid Levels in the Lung Are Not Affected by CerS5 Deficiency-CerS5 KO mice are viable and fertile and do not show any obvious morphological phenotypic alterations. The lung has previously been identified as an organ where CerS5 is the dominant CerS isoform expressed (28) . We also found CerS5 to be expressed abundantly in lung tissue. We used lung tissue to further validate and characterize the lipid alterations of the CerS5 KO mouse model. We found a reduction of C 16:0 -ceramide, but ceramides with other N-acyl chain lengths were not altered ( Fig. 4A) . Similarly, C 16:0 -dihydroceramide levels were lower in CerS5 KO mice, although the other dihydroceramides were unaltered (Fig. 4, B and I). The reduced C 16:0 -ceramide levels were also translated into C 16:0 sphingomyelin and C 16:0 -hexyosylceramide species (Fig. 4, C, D, and I) .
To collect further evidence that the reduction of C 16:0 -ceramide levels in lung tissue is a consequence of decreased ceramide synthesis, we quantified ceramide synthase activity in lung microsomes using alkyne-sphinganine and palmitoyl-CoA as substrates. The enzymatic ceramide synthase activity was strongly decreased in microsomes obtained from KO mice (Fig.  4E) . Similarly, we found reduced ceramide synthase activity toward C 16:0 -CoA and C 14:0 -CoA in crude lung extracts using NBD-labeled sphinganine as substrate (Fig. 4F) . The activity against C 18:0 -CoA was also mildly reduced, whereas activity against the CerS2 substrate C 24:1 -CoA was unaltered (Fig. 4F) .
To test the hypothesis whether CerS5 is involved in the regulation of phosphatidylcholine synthesis in lung epithelia (49),
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we measured glycerophospholipids in lung tissues. Deficiency of CerS5 did not lead to altered glycerophospholipid levels in whole lung tissue (Fig. 4 , G-I). However, it is possible that the phosphatidylcholine level in epithelia was affected in CerS5 KO mice, but this effect might have been attenuated when looking at the glycerolipid content of whole lung tissues.
CerS5 KO mice exhibit reduced enzymatic activity toward C 14:0 -, C 16:0 -, and C 18:0 -CoAs. The strongest reduction of enzymatic activity was recognized with C 16:0 -CoA as substrate resulting in a decrease of sphingolipids with C 16:0 -N-acyl chains. A change of phosphatidylcholine or other glycerophospholipids ( Fig. 4I) was not observed, indicating that the loss of CerS5 seems to play no major role for the homeostasis of lung glycerophospholipids. Taken together, our results show that CerS5 deficiency leads to a specific reduction of sphingolipids derived from C 16:0 -ceramide.
CerS5 KO Mice Are Unable to Maintain C 16:0 Sphingolipid Pools in Muscle, Spleen, and Liver, and They Do Not Accumulate Long Chain Ceramides in Muscle and eWAT after High Fat Diet Challenge-Ceramides have been described as lipids promoting obesity and insulin resistance (50) . We found high CerS5 protein levels in eWAT. It has been observed previously that C 16:0 -ceramide accumulates in eWAT and subcutaneous WAT after high fat diet (HFD) feeding (51) . Therefore, we challenged CerS5 KO mice by feeding a HFD for 16 weeks and determined the sphingolipid concentrations in eWAT and also included other tissues participating in energy consumption or homeostasis. C 16:0 -ceramide levels are reduced in skeletal mus- MARCH 25, 2016 • VOLUME 291 • NUMBER 13
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cle tissue from mice exposed to the control and high fat diet in CerS5 KO mice (Fig. 5A ). On the HFD CerS5 KO mice fail to further increase muscle C 18:0 -ceramide levels. The ceramide acylation pattern is also translated to the sphingomyelin molecular species in the skeletal muscle ( Fig. 5B) . Also in the liver, a reduction of C 16:0 -ceramide and C 16:0 sphingomyelin was recognized ( Fig. 5, C and D) . We did not observe an accumulation of C 16:0 -ceramide but of very long chain C 22:0 -ceramide in livers of the HFD-fed mice compared with mice on the control diet. In the liver and muscle, the C 16:0 -ceramide is present at low concentrations compared with other tissues with high C 16:0 -ceramide levels like lung and eWAT. In eWAT, C 16:0 -ceramide tends to be lower in normal diet-fed CerS5 KO mice (Fig. 5E ). However, in mice on HFD we observed a strong accumulation of long chain ceramide levels which was ameliorated in CerS5 KO mice. In particular, the levels of C 16:0 -ceramide and C 18:0ceramide were reduced in the CerS5 KO mice exposed to the HFD (Fig. 5E ). Unlike in muscle and liver, the ceramide acylation pattern is not completely translated to sphingomyelins (Fig. 5F ). Although we observed strong increases in ceramides in samples from HFD-fed mice, sphingomyelin levels stayed constant or are only mildly up-regulated. Ceramides and especially sphingomyelins C 16:0-C 22:0 in serum were strongly upregulated by HFD feeding. In the CerS5 KO mice, the increase in serum C 16:0 sphingomyelin was less pronounced compared with WT mice. (Fig. 5, G and H) . We found lower levels of S1P in CerS5 KO mice on control diet, but on the HFD diet S1P levels in serum of CerS5 KO mice were normalized (Fig. 5G) . Interestingly, C 16:0 -ceramide and sphingomyelin are of high abundance in the pancreas, but we did not observe a reduction of those lipids in CerS5 KO mice pointing to a dominant role for CerS6 in the pancreas (data not shown). Splenic C 16:0 -ceramide and sphingomyelin pools were significantly lower in CerS5-deficient mice on both dietary conditions (data not shown). We could not observe changes in the sphingolipid composition in the spleen between samples from normal and high fat diet-fed mice.
CerS5 Deficiency Ameliorates Diet-induced Obesity-CerS5 KO and WT mice showed no differences in body weight when they were kept on a LFD (Fig. 6A ). When CerS5 KO and WT mice were fed a HFD, the KO mice gained less weight compared with WT mice (Fig. 6A ). We observed a trend toward shorter longitudinal growth in CerS5 KO mice (Fig. 6B) . CerS5 deficiency had no effect on eWAT mass at the LFD, but the increase of eWAT mass on the HFD was attenuated in the CerS5 KO mice (Fig. 6C) . Similarly, the size of cells in the eWAT was identical on the LFD, although CerS5 KO mice were protected against the increase of adipocyte size on the HFD (Fig. 6D ). Furthermore, circulating leptin levels were highly increased in WT mice fed a HFD but remained low in CerS5 KO mice (Fig. 6E ). We also analyzed hepatic concentrations of triglycerides (TAG) and non-esterified fatty acid. Both lipids are associated with hepatic steatosis (52) . Lipid analysis by thin layer chromatography revealed FIGURE 3 . CerS5 is predominantly expressed in testis, eWAT, lung, spleen, and thymus. CerS5 protein expression was analyzed by Western blotting. CerS5 is predominantly expressed in eWAT, lung, and testis. CerS5 is modestly expressed in thymus, spleen, and subcutaneous WAT (scWAT). CerS5 is only expressed at very low levels in liver, muscle, and interscapular brown adipose tissue (iBAT).
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elevated TAG and non-esterified fatty acid concentrations after consumption of the high fat diet in livers of WT mice (Fig. 6F ). In the CerS5 KO mice, the accumulation of TAG and non-esterified fatty acids after HFD feeding was ameliorated. Hematoxylin-eosin stainings of eWAT show increased adipocyte size and the presence of crown-like structures in WT, but not KO mice on a HFD (Fig. 6G ). Histological analysis of the liver revealed signs of steatosis in WT but not KO mice after a HFD challenge (Fig. 6H) .
CerS5 KO Mice Are Protected from Obesity-induced Glucose
Intolerance and Insulin Resistance-We analyzed the impact of CerS5-dependent ceramide synthesis on glucose homeostasis in mice fed a LFD and a HFD. CerS5 KO and WT mice performed similarly in glucose tolerance tests on a low fat diet (Fig.  7, A and C) . After consumption of the HFD, WT mice became severely glucose-intolerant, whereas CerS5 KO mice were protected against glucose intolerance (Fig. 7, A and C) . To address insulin sensitivity in CerS5 KO mice, we conducted insulin tolerance tests under LFD conditions and observed no difference between WT and KO mice (Fig. 7, B and D) . After consumption of the HFD, CerS5 KO mice retained insulin sensitivity, whereas WT animals became insulin-resistant (Fig. 7, B and D) . Insulin concentrations in the serum of CerS5 KO mice were lower in both HFD-and LFD-fed mice compared with WT mice (Fig. 7E ). However, changes in insulin concentrations did not reach statistical significance. Starvation glucose levels were elevated in WT mice after the HFD, and the elevation of glucose levels was blunted in CerS5 KO mice after HFD feeding (Fig. 7F) . Taken together, CerS5 KO mice do not suffer from type II diabetes after consumption of a HFD and glucose homeostasis is not changed in mice which consumed a LFD.
CerS5 Deficiency Is Associated with Improved Adipose Tissue Health and Function after Consumption of a HFD-We studied energy-sensing pathways and autophagy in CerS5 KO mice after consumption of the HFD. Levels of phosphorylated AKT at Ser-473 trend higher in ad libitum-fed CerS5 KO mice (Fig.  8A) . The expression of acetyl-CoA carboxylase (ACC), catalyzing the rate-limiting step in fatty acid synthesis, is increased in CerS5 KO mice (Fig. 8, A and E) . We did not observe alterations of the inactivating phosphorylation of ACC at Ser-79 ( Fig. 8A) . Energy deprivation and cellular stress lead to an induction of autophagy, but we found lower activation of autophagy in CerS5 KO mice after HFD measured by LC3A lipidation (Fig.  8A) .
We also did not observe activation of the AMPK system indicating availability of sufficient cellular energy (Fig. 8B) . It has been shown that a driving force of chronic obesity-induced insulin resistance is eWAT inflammation (53, 54) , which is sensed by TLR4 (55) and NLRP3 (27) . Therefore, we analyzed macrophage infiltration into eWAT and proinflammatory gene expression in CerS5 KO mice in response to a HFD. The expression of procaspase-1, which is responsible for IL-1␤ cleavage and induced by NF-B, is decreased in CerS5 KO mice (Fig. 8, C  and E) . eWAT expression of the proinflammatory cytokines TNF␣ and IL-1␤ is lower in CerS5 KO mice compared with WT mice after a HFD challenge (Fig. 8E ). Under steady state conditions, F4/80-positive crown-like structures are not detectable in WT and KO mice (Fig. 8D ). After the HFD challenge, F4/80positive crown-like structures are present in the eWAT of WT mice but not in CerS5 KO mice (Fig. 8D) . We further characterized eWAT of CerS5 KO mice and found low leptin and high adiponectin (Adipoq) expression after a HFD. Genes involved in de novo fatty acid synthesis (ACACA, FASN, and SCD-1) were up-regulated in CerS5 KO mice (Fig. 8E ). Simultaneously to the increased lipid anabolism, we observed an up-regulation of the lipases ATGL and HSL indicating increased catabolism of storage lipids. We also found an up-regulation of PCK1 (Fig.  8E) , which catalyzes a key step in glyceroneogenesis and eventually provides glycerol 3-phosphate for TAG synthesis and fatty acid re-esterification in adipose tissue (56) . However, we did not observe an increase in the gene expression of CPT1, the rate-limiting step in ␤-oxidation and other genes involved in ␤-oxidation. We found no alterations in circulating long, medium, and short chain acylcarnitine, except an elevation of C 18:0 -and a decrease of C 10:3 -acylcarnitine in CerS5 KO mice providing a snapshot of systemic ␤-oxidation. This indicates a proper import of fatty acids into mitochondria, a lack of excessive mitochondrial overload, and probably increased selection of C 18:0 fatty acids for oxidation (Fig. 8G) . The transcription factor C/EBP␣, responsible for terminal adipocyte differentiation in cooperation with PPAR␥ by the regulation of adipogenic genes, was increased ( Fig. 8E) (57) . We also found an increased expression of PPAR␣, which has the ability to suppress the expression of genes regulated by NF-B (58) .
We also quantified genes involved in lipid homeostasis in the liver. We could not find alterations in the expression of genes involved in lipogenesis or oxidation (Fig. 8F ), but we found lower expression of CD36 and L-FABP (Fig. 8F) , indicating reduced uptake of lipids from the circulation into hepatocytes reducing hepatic lipid accumulation.
Our data indicate that CerS5 KO mice show simultaneous activation of anabolic and catabolic lipid metabolism pathways in eWAT and thereby possibly inducing futile pathways. This leads to improved adipose tissue health when nutrients are abundant like HFD feeding. Hepatic lipid accumulation is suppressed by the reduced expression of genes from the fatty acid import machinery.
Discussion
Ceramides have been identified as critical regulators of cell growth and differentiation, and their dysregulation triggers stress responses, programmed cell death, and also obesity-associated insulin resistance and cancer (7, 19, 59) . Ceramidelowering interventions led to improved insulin sensitivity in various studies (19, 25, 60 -62) . The de novo synthesis of ceramides and the recycling of free sphingosine produced from the degradation of pre-formed sphingolipids via the salvage pathway are catalyzed by a family of six ceramide synthases in mammals. Each of these enzymes has characteristic substrate specificity and produces ceramides with characteristic acyl chain distributions (Fig. 1B) , thereby regulating specific cell and organismal responses (7) . The reduction of specific ceramides generated by the individual ceramide synthases leads to a variety of phenotypes. Mice carrying a targeted or spontaneous mutation in CerS1 suffer from severe neurological alterations (4, 13) , and CerS2 null mice display defects in myelination and develop hepatocarcinoma (3, 14) . Cers3 KO mice are lethal after birth due to trans-epithelial water loss (2), and CerS4 KO mice suffer from alopecia and display altered sebum composition (50, 59) . CerS6 KO mice display a hind limb clasp phenotype (12) , and they show reduced C 16:0 -ceramide levels and are protected from HFD-induced obesity due to increased ␤-oxidation in liver and brown adipose tissue (18) . We have studied the expression and function of CerS5 in the mouse. For this purpose, we generated a CerS5 KO model for functional in vivo analysis and generated novel antibodies directed against CerS5. We found that the CerS5 protein is most abundantly expressed in testis, lung, thymus, spleen, and eWAT, whereas low expression was observed in tissues such as muscle, liver, and interscapular brown adipose tissue. Homozygous CerS5 KO mice were viable and showed no apparent morphological alterations. However, the analysis of the sphingolipid composition of the mutant animals in lung tissue revealed that C 16:0 -dihydroceramide and ceramide levels were reduced, whereas ceramides with other N-acyl chain lengths were not altered. Consistently, we also found that the enzymatic CerS activity toward long chain acyl-CoAs was strongly decreased in microsomes obtained from KO mice and in crude lung extracts. Differentially regulated C 16:0 -ceramide-based sphingolipids did not lead to altered levels of glycerophospholipids in lung tissue. Thus, our studies revealed that the loss of basal CerS5 levels does not play a role in glycerophospholipid homeostasis in vivo.
CerS5 Mutant Mice Are Partially Protected against HFD-induced Obesity-To further explore the function of CerS5, we exposed WT and KO mice to a HFD. In wild type animals, the HFD challenge leads to a strong increase of ceramides in eWAT. This increase was most prominent for C 16:0 -and C 18:0ceramide, similar to the observations made by Shah et al. (51) . However, the accumulation in C 16:0 -ceramide was almost completely inhibited in CerS5 KO mice. Interestingly, we also found reduced C 18:0 -ceramide levels in eWAT after HFD challenge. We cannot exclude that these effects are also mediated by CerS5, because in in vitro activity assays, CerS5 has not only a substrate specificity against C 16:0 -CoA but also against C 14:0 and C 18:0 CoA. Of note, we did not observe a translation of ceramide accumulation to sphingomyelin species. This might be a consequence of increased acid sphingomyelinase activity in eWAT, which prevents the accumulation of sphingomyelin after HFD feeding (51) . Our results further indicate that CerS5 is needed for the accumulation of adipose tissue ceramide and cannot be compensated by CerS6 in eWAT after exposure to a HFD. CerS5 KO mice also had lower C 16:0 -ceramide and sphingomyelin levels in liver and especially in skeletal muscle on control and HFD. In HFD-fed animals, we also found protection against C 18:0 -ceramide accumulation in muscle tissue, but we did not observe C 16:0 -ceramide accumulation in these tissues after HFD feeding. Although the absolute C 16:0 -ceramide FIGURE 7 . Improved glucose tolerance and insulin sensitivity after HFD exposure in CerS5 KO compared with WT mice. A, glucose tolerance test (GTT) from WT and CerS5 KO mice. (n ϭ 9; 6; 14 and 11 mice for WT LFD, KO LFD, WT HFD, and KO HFD, respectively. Data represent mean Ϯ S.E.). B, insulin tolerance test (ITT) from WT and CerS5 KO mice (n ϭ 10; 6; 12 and 11 mice for WT LFD, KO LFD, WT HFD, and KO HFD, respectively Ϯ S.E.). C and D, area under the curve (AUC) of insulin and glucose tolerance tests. E, serum insulin concentration (n ϭ 7; 8; 8 and 9 mice for WT LFD, KO LFD, WT HFD, and KO HFD, respectively). F, starvation glucose levels (n ϭ 9; 6; 14 and 11 mice for WT LFD, KO LFD, WT HFD, and KO HFD, respectively) (p values were calculated by ANOVA and experimental groups were compared using Tukey post hoc tests).
concentrations in liver and muscle are low compared with the dominant sphingolipids in these tissues, it is likely that they contribute to the CerS5 phenotype, because a reduction of hepatic C 16:0 -ceramide produced by CerS6 also reduces weight gain in HFD-fed mice (18) . It has been shown previously that a reduction of ceramide by myriocin administration in obese C57BL/6 mice results in increased energy expenditure and a shift toward fat as the main energy source (51) . Our studies identify C 16:0 -ceramide produced by CerS5 as weight gain-promoting lipid and thus further refine the concept of ceramides, specifically C 16:0 -ceramide, as obesity-sensitizing lipids. Because S1P influences hepatic steatosis (63, 64) , we quantified S1P in serum and found lower levels of S1P in CerS5 KO mice on a control diet but no effect on S1P concentrations in CerS5 KO mice on a HFD. Therefore, a contribution of S1P to the CerS5 phenotype cannot be excluded but seems unlikely.
The function of ceramide synthases in lipid storage induction is a conserved feature across other phyla. Mutants of the single Drosophila CerS family member schlank display strongly reduced triacylglycerol storage in their fat storage tissue (65) .
We also showed that CerS5 KO mice have improved glucose tolerance and lower adipose tissue inflammation after HFD feeding. This indicates improved overall adipose tissue health after HFD feeding in the CerS5 KO mice. Lipid-induced ceramide production is dependent on TLR4 in macrophages and myotubes resulting in insulin resistance (21) . Whether the protection against insulin resistance in CerS5 KO mice is a consequence of lower obesity or whether C 16:0 -ceramide plays an additional role in inflammatory pathways or more directly induces insulin resistance has to be further elucidated. However, ceramide-induced NLRP3 inflammasome activation and IL-1␤ production leads to insulin resistance (20) . Also ceramide-activated protein kinases or phosphatases could directly influence insulin signaling (52) . Lowering ceramide levels, especially C 16:0 -and C 18:0 -ceramide, in liver and WAT by increasing ceramide degradation leads to improved insulin signaling and reduced steatosis after HFD feeding (39) . We also found decreased autophagy after HFD feeding in eWAT of CerS5 KO mice. CerS5 has been implicated in lipid-induced autophagy as a consequence of C 14:0 -ceramide production in cardiomyocytes (66) . The reduction of autophagy in eWAT of CerS5 KO mice could contribute to the CerS5 phenotype of lower obesity, because autophagy in eWAT is required for mitophagy. The depletion of mitochondria by mitophagy leads to a lower ␤-oxidation capacity, which allows storage lipids to accumulate in eWAT (67) . More directly, mitochondrial C 18:0and C 16:0 -ceramides interact with LC3B to recruit autophagosomes to mitochondria to induce mitophagy (68) . Ceramideinduced mitophagy might not be only a molecular switch between lethal and pro-survival-related autophagy, but could also have an impact on the regulation of energy metabolism. We found a simultaneous up-regulation of fatty acid synthesis and TAG degradation in eWAT with both leading to the production of fatty acids. PCK1 was induced in eWAT of CerS5 KO FIGURE 8. CerS5 deficiency is associated with improved adipose tissue health after HFD feeding. A, analysis of phosphorylation of acetyl-CoA carboxylase at serine 79 (ACC) and AKT at serine 473 (AKT) and LC3 lipidation as marker for autophagy induction (unlipidated (LC3I) and lipidated (LC3II) LC3) in eWAT by Western blotting (WT n ϭ 5, KO n ϭ 5) Quantification of phosphorylation status, expression levels, and LC3 lipidation is depicted in the graph next to the blot. B, analysis of expression and phosphorylation of AMPactivated protein kinase ␣ (AMPK␣) at threonine 172and AMP-activated protein kinase ␤ (AMPK␤) at serine 108. C, protein expression of the procaspase-1 p45 (Casp1) in eWAT after HFD challenge. D, F4/80 staining of eWAT under LFD and HFD (scale bar, 50 m). E, expression levels of central players in eWAT function after HFD (WT n ϭ 8, KO n ϭ 6). F, hepatic expression levels of genes involved in lipid homeostasis after HFD (WT n ϭ 10, KO n ϭ 12). G, acylcarnitine profile of serum from mice fed a HFD (WT and KO n ϭ 6) (data represent mean Ϯ S.E. p values calculated using an unpaired Student's t test). mice providing glycerol 3-phosphate for TAG synthesis and fatty acid re-esterification inducing futile cycles of TAG breakdown and re-synthesis, which is also induced by thiazolidinediones (56) .We found higher C 18:0 acylcarnitine concentrations in serum and did not observe incomplete oxidation of fatty acids (69) .
We also observed lower expression of genes involved in hepatic lipid uptake. Recently, it has been shown that lowering adipose tissue ceramide by adipose tissue-specific overexpression of acid ceramidase regulates hepatic lipid uptake. Given the CerS5 expression pattern with low expression in the liver but high expression in white adipose tissue, it may be possible that the effects observed on hepatic lipid accumulation are mediated indirectly probably by sphingolipids carried in the circulation (39) .
The variety of phenotypes occurring in the individual CerS KO mice demonstrates the need for inhibitors targeting specific ceramide synthases. Tailored inhibition of long chain ceramide synthesis could be a novel strategy for therapeutics against obesity. Although this might be challenging due to the high similarity between the ceramide synthases, recently four new inhibitors derived from FTY720 with preferences for specific CerS isoforms have been identified (70) . Our findings further refine long chain ceramide synthesis as a potential drug target to treat obesity and type II diabetes.
